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Abstract

Diseases caused by Rickettsiales are often overlooked, although they pose important public health
concerns. The Rickettsiales family comprises a broad range of intracellular bacteria with distinct
evolutionary adaptations, making the development of treatment measures to combat infections,
such as vaccines or antibiotics, a challenge. Interestingly, the outer membrane protein A (OmpA)
was found to exist in the cell surface of most human pathogenic bacteria in the order Rickettsiales.
However, knowledge about OmpA in each species and strain is scattered and ambiguous. In this
study, we systematically compiled the existing information on OmpA and its relationship with human
pathogenic rickettsiae to serve as a reference for future research. A comprehensive literature search
was conducted using specific keywords across five databases. According to the literature, OmpA of
spotted fever group rickettsia plays a crucial role as an adhesin and invasin that directly interacts with
the surface of mammalian host cells to mediate bacterial localization in host cells. The presence of a
premature stop codon in the amino acid sequence resulted in the secretion of non-functional OmpA,
which is one of the main reasons for rickettsial strains or species to become avirulent. Similarly, OmpA
also functions as an important adhesin in the Anaplasma family when it interacts with the sLe* and
sLe*-like glycan of myeloid and endothelial cells, respectively. However, the OmpA of Anaplasma must
be co-functional with the other two adhesins to promote bacterial internalization. Interestingly, certain
sites in the amino acid residues of Ehrlichia and Orientia OmpA are predicted to be homologous to
the binding domain region of Anaplasma OmpA. It is therefore suggested that OmpA is an important
adhesin for bacteria to bind to their specific mammalian host cells.
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INTRODUCTION

Based on the phylogenetic study,
the Rickettsiales consist of three families, the
Rickettsiaceae, Anaplasmataceae and Candidatus
Midichloriaceae.! While the Rickettsiaceae
and Anaplasmataceae have been extensively
studied due to their pathogenicity towards
humans, Candidatus Midichloriaceae has been
largely overlooked as it primarily affects corals
and aquatic animals. Although two members
of Candidatus Midichloriaceae (Candidatus
Midichloria mitochondrii and Candidatus Lariskella
arthropodarum) have been found in symbionts with
ticks and in human blood, there is still insufficient
evidence to suggest its pathogenicity towards
humans.?? Therefore, Candidatus Midichloriaceae
is often excluded from discussions on Rickettsial
disease.

Rickettsiaceae is divided into two genera,
Rickettsia and Orientia, which are differentiated by
their distinct cell wall composition and structure.
The bacteria in the genus Rickettsia are classified
into four major antigenic groups: the spotted fever
group (SFG), the typhus group (TG), the transitional
group (TRG), and the ancestral group.* SFG,
TG, and TRG consist of pathogenic members of
Rickettsia, which are the causative agents for the
most frequently reported and deadly cases of
Rickettsiosis.> SFG represents the largest number
of Rickettsia species, with more than 30 species
having been discovered and new species emerging
every year. Figure 1 illustrates all the known
species of SFG that are potentially pathogenic
to humans. However, following an extensive
electronic literature search, we found numerous
new species that have been reported under SFG
and could potentially be harmful to humans.
These include Candidatus Rickettsia mendelii,5”
Candidatus Rickettsia andeanae,*® Candidatus
Rickettsia tarasevichiae,'®** Candidatus Rickettsia
jingxinensis,** Candidatus Rickettsia longicornii,*
Candidatus Rickettsia colombianensi, Rickettsia
asembonensis, Rickettsia murinus, Candidatus
Rickettsia barbariae,*® Candidatus Rickettsia
wissemanii,** Candidatus Rickettsia takensis,
Candidatus Rickettsia laoensis, Candidatus
Rickettsia Thierseensis, Candidatus Rickettsia
Moyalensis, Candidatus Rickettsia uralica,
Rickettsia sibirica mongolitimonae, Candidatus

Rickettsia nicoyana,*® and Candidatus Rickettsia
xinyangensis.*®

A novel Orientia species, Candidatus
Orientia chiloensis, has also been discovered,
adding a new member to the existing Orientia
genera, Orientia tsutsugamushi and Orientia
chuto.” As for the family Anaplasmataceae, there
are four genera classified in this family which
are Ehrlichia, Anaplasma, Neorickettsia, and
Wolbachia. Anaplasma phagocytophilum, Ehrlichia
chaffeensis, Ehrlichia ewingii, and Neorickettsia
sennetsu are the species that have been shown to
infect humans and cause the threatening human
Anaplasmosis, Ehrlichiosis and Neoehrlichiosis.®
In addition, a new human pathogenic Ehrlichia
species has also been discovered, namely
Candidatus Ehrlichia erythraense.*® The emergence
of various novel species under Rickettsiaceae and
Anaplasmataceae is alarming, as there is still a lack
of knowledge about developing effective vaccines
that could provide heterologous protection for
most of the current species in these families.

The antigenic heterogeneity of bacteria
in the order Rickettsiales is the main reason
that contributes to the difficulty in developing
a vaccine, even though they are predicted to
produce numerous virulence factors that may
interact with host cells.??* Antigenic variation
among strains of certain species is known to be
one of the mechanisms for intracellular bacteria
to establish persistent infection within the host
cell.” Therefore, identifying the most antigenic
protein that is universally present throughout all
the strains in a species and has immunogenicity
properties is one of the early steps during vaccine
development. While searching for antigenic
protein in Rickettsiales in the literature databases,
the OmpA protein always appeared in the search.
The outer membrane protein A (OmpA) is a known
virulence factor of gram-negative bacteria. It
involves multiple stages of disease pathogenesis,
including acting as the invasin and adhesin to
facilitate the internalization of bacteria to the
host cells through ligand-receptor interaction.?
However, the overall information on OmpA in
certain genera in the order Rickettsiales is still
unclear, especially in Orientia and Ehrlichia. It is
expected that proteins annotated under similar
“names” may not have similar homology between
genera and should not be grouped. The DNA and
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protein sequence of OmpA varies greatly among
different genera in Rickettsiales, as determined
by bioinformatic analyses. However, in some
manuscripts, certain sites in the amino acid
sequence are discovered that show high similarity
among different genera and these are used to
predict the protein tertiary structure using in
silico tools.?*? This piques our curiosity to learn
more about the OmpA protein in diverse types of
bacteria classified as Rickettsiales. Therefore, the
primary objective of this study is to compile all
known information about the OmpA of bacteria
in Rickettsiales. The information gathered in this
review may be valuable for other researchers
who intend to start research on the OmpA of any
Rickettsiales member.

Survey methodology
Literature search strategy

An extensive literature search was
conducted using five databases: Web of Science,
Scopus, PubMed, Google Scholar, and Wiley Online
Library. The first search occurred on August 9,
2022, the second search on July 31, 2023, and

the third search on May 10, 2024. All databases’
alert has been enabled to receive any new linked
publications. The search was undertaken to look for
original research publications produced in English
between 2000 and 2024 on the involvement of
OmpA protein in the pathogenesis of all human
Rickettsiales illnesses. The keywords used in the
search are the combination of the word “Outer
membrane protein A or OmpA” with all species
and strains of Ricketsiales members including
the disease names. A newly found or emerging
genus, species, or disease may not be included
in the keywords since its existence is unknown to
the date this review was conducted. The duplicate
manuscripts were removed by using EndNote 20
software.

Inclusion and exclusion criteria

The initial selection of potential
manuscripts was based on the abstract and a
quick view of the body of the manuscripts. All
original research manuscripts published between
2000 and 2024 possess the keywords mentioned
above were included in the review. The exclusion

Rickettsiales

¥

Rickettsiaceae
i

¥
Anaplasmataceae
L

v
Rickettsia
1

\
Spotted Fever Group (SFG)
Rickettsia rickettsii

Rickettsia parkeri
Rickettsia mongolotimonae

v

Typhus group (TG)

v
Transitional Group (TRG)

Rickettsia felis
Rickettsia akari

Rickettsia australis

Rickettsia rillamookensis
Rickettsia asembonensis
Candidatus Rickettsia senegalensis

v
Ancestral group (AG)
Rickettsia canadensis
Rickettsia bellii
Rickettsia helvetica

Rickettsia prowazekii
Rickettsia typhi

Rickettsia massiliae
Rickentsia japonica
Rickettsia honei

Ricketisia heilongjiangensis
Rickettsia philipii
Rickenssia afvicae
Rickettsia conorii
Rickettsia rioja

Rickettsia sibirica
Rickettsia peacockii
Rickentsia monacensis
Rickettsia montanensis
Rickettsia raoultii
Rickettsia slovaca
Rickettsia helvetica
Rickettsia tamurae
Rickettsia buchneri
Candidatus Rickettsia xinyangensis
Rickettsia aeschlimannii
Rickettsia amblyommii
Rickettsia asiatica
Rickettsia cooleyi
Rickertsia hoogstraalii
Rickettsia sp. strain Atlantic rainforest or strain Bahia
Ricketsia gravesii
Rickettsia fournieri
Rickettsia amblyommatis
Rickettsia marmionii
Rickettsia vini

Rickettsia hulinensis
Rickettsia hulinii

Rickettsia martinet
Rickensia moreli

Rickettsia rhipicephali
Rickettsia sharonii
Rickettsia monteiroi
Ricketsia gravesii
Candidatus Rickettsia kellyi

¥

Orientia

Orientia

Candidatus Orientia chuto
Candidatus Orientia chiloensis

v

Anaplasma

v

Ehrlichia

v

Neorickettsia

Neorickettsia sennetsu

naplasma ph Ehvlichia chaffeensis

Ehrlichia ewingii

Figure 1. List of Rickettsiales members that potentially cause human infection
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criteria: (i) manuscript used OmpA as a molecular
detection for either identification of human
infection, tick identification, geographical study,
or phylogenetic tree construction; (ii) review
manuscripts; (iii) non-relevant manuscript that
does not have the keywords in the abstract and
body of the manuscript; (iv) Books, letters to
the editor, conference proceedings; and (v) non-
English manuscripts.

Screening Process

A flowchart of the study screening
process is presented in Figure 2. A total of 3756
records were initially detected, resulting in a total
of 1081 records after the duplicate was removed.

Following this, 1023 records were removed after
screening the title and abstract, as well as a
cursory look at the body of the manuscripts. Of
the 1023 records, 612 records showed OmpA
was used as a marker for molecular detection,
either for the identification of human infection
or tick identification for geographical study or
phylogenetic tree construction. While 102 records
were review manuscripts, 91 were either books,
letters to the editor, or conference proceedings;
4 were non-English manuscripts; and 214 were
non-relevant as the manuscripts do not have the
search keywords in the abstract and body of the
manuscript. A total of 43 records were further
eliminated, resulting in 15 records being included
in this review.

Duplicates removed (n=2675)

Records excluded by title and abstract screening:
e OmpA used as molecular detection (n=612)
e  Review manuscripts (n=102)

e Not relevant (n=214)
e Books, letters to editor, proceedings (n=91)
e Non-English manuscripts (n=4)

Full text articles excluded:
e Records with no clear information relevant to

Records identified through
.S database searching:
§ Web of Science (n=499), Scopus
B (n=1379), PubMed (n=555),
§ Wiley Online Library (n=323),
= Google Scholar (n=1000)
Total (n=3756)
éﬂ v
8 Records screened (n=1081)
5
75
)
b A 4
E Records assessed for eligibility
2 (n=58)
=
k3
)
A 4
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Figure 2. The screening process for the literature review

current review (n=42)
e 1o access to full text (n=1)
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Out of 15 records, three (3) manuscripts
explained how the existence of variation in the
OmpA DNA sequence of Rickettsia species or
strains impacts their virulence. The avirulent
Rickettsia OmpA (rOmpA) DNA sequence has either
a deletion, aninsertion, or a transversion, resulting
in premature stop codons during translation and
the lack of functional rOmpA protein synthesis
(Table 1). While two (2) manuscripts discuss
the post-translational process essential for the
maturation of the rOmpA.?*?” Interestingly, two
(2) records indicate the presence of substantial
similarity in the OmpA-predicted tertiary structure
of Orientia tsutsugamushi and Ehrlichia chaffeensis
with Anaplasma phagocytophilium, implying a
probable comparable function during disease
pathogenesis.?*?* In addition, four (4) manuscripts
show the known interaction of OmpA with the
targeted human host cells and describe the
particular region in OmpA that is involved in
the interaction (Table 2). However, three (3)
manuscripts suggested OmpA might not be
involved in the virulence of Rickettsia during in
vivo study or mice model.?®3° Similarly, one (1)
manuscript explains that degradation of Ehrlichia
chaffeensis’s OmpA does not affect the bacterial
ability to adhere to its host cell, monocyte.*

The existence of OmpA in the human pathogenic
Rickettsiales

In the genus Rickettsia belongs to the
family Rickettsiaceae, the gene sequence of OmpA
exists throughout all the members of SFGR, not
only in the virulence species such as Rickettsia
rickettsii and Rickettsia conorii but also found in
the avirulence Rickettsia peacockii.?*>* For this
reason, most genetic studies have used the OmpA
gene region to distinguish different Rickettsia
species.®>* OmpA contains species-specific epitopes
that provide the basis for rickettsial serotyping
crucial for species identification and construction
of phylogenetic trees.?® The Rickettsia OmpA
(rOmpA), also known as surface cell antigen O
(Sca0), is one of the five autotransporter proteins
in Rickettsia. All the autotransporter proteins in
this family will generally have three functional
domains, which are (i) amino-terminal leader
sequence, (ii) secreted mature (a) protein,
and (iii) a carboxy-terminal () domain.?” The
amino acid sequences of the B-peptides of all
the autotransporters are predicted to be highly
homologous and might undergo a similar post-
translational process.?”*” rOmpA has been shown
to have a similar post-translational process as the
OmpB (Sca5), in which the proteolytic cleavage
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Rickettsia _| AAGG G i
rickettsii
transversionl deletion l insenionl insertionl
. ¢ 61 403 4872 5828
Rickettsia __ — wp PrEmature g, 1o transiation
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Figure 3. Variations in the DNA sequence of Rickettsia sp.
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occurs at the B-peptide region of the carboxy- the genus Rickettsia, does not possess rOmpA.
terminal. This explains why rOmpA usually appears ~ Typhus group bacteria might have different
as a 190 kDa protein during SDS-PAGE analysis. This  mechanisms in their pathogenesis than SFGR.

differs from the predicted size calculated based In genus Orientia, another member of
on the amino acid sequence, 224 kDa protein  the family Rickettsiaceae, the OmpA sequence
precursor. The cleavage occurs at the carboxy- was found highly conserved in 51 isolates of
terminal side of Ser-1958, producing a 190 kDa  Orientia tsutsugamushi originating from several
protein and a small ~32 kDa protein fragment.”’  Asia-Pacific geographical areas. Interestingly, the
This post-translational process is essential forthe  OmpA of Orientia tsutsugamushi (OtOmpA) is
maturation of the rOmpA, and it is facilitated by  transcriptionally expressed in mice infected with
aspartic protease or specifically APRc (Aspartic  Karp and Gilliam strains.?* The expression was
Protease from Rickettsia conorii) enzyme.?® The  detected in the mice’s blood and organs, such as
similarities in processing mature rOmpA with  thekidney, liver, lung and spleen, suggesting these
OmpB, a well-known autotransporter of SFGR, are the target organs of Orientia tsutsugamushi.
and its high abundance expression show the In vitro study also found OtOmpA protein being
importance of rOmpA in the pathogenesis of SFGR.  expressed by Orientia tsutsugamushi lkeda during
However, the typhus group, another member of  infection of mammalian host cells (HeLa cells),
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Figure 4. Ligand-receptor interaction of Rickettsia sp. OmpA with human cells (Created with BioRender.com)
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suggesting the involvement of OtOmpA in the
pathogenesis of Scrub typhus.® Interestingly,
the non-translated upstream promoter region
of the OtOmpA gene was also investigated. It is
confirmed that OtOmpA is transcribed in human
mammalian cells, specifically in epithelial (HeLa),
endothelial (RF/6A), and monocytes (THP-1) at
different stages of infection.®

Anaplasma phagocytophilum and
Ehrlichia chaffeensis belong to the family of
Anaplasmataceae and also have been found
to express OmpA. The OmpA is expressed
predominantly by the DCs form of the organisms.*
DCs stand for “dense-cored”, which indicates the
infectious form of Anaplasma phagocytophilum
and Ehrlichia chaffeensis.*** Both of these bacteria
have a unique biphasic life cycle. It undergoes
reversible transitioning between an infectious
dense-cored (DC) form and a noninfectious,
replicative reticulate cell (RC) form. During the
early stage of infection, DC form will attach and
invade the host cells. Then, this DCs form will
differentiate into RCs form and start to replicate
by binary fission. This resulted in the formation

Anaplasma
phagocytophilum

myeloid cells

of Morula, a bacterium-filled organelle. Later, the
RCs will transform back to DCs form, and a new
cycle of infection will be initiated.*>*? In Anaplasma
phagocytophilum, OmpA gene expression was
found to be upregulated during binding and
invasion of Anaplasma phagocytophilum DCs
form to the myeloid cells (HL-60 cells) and
during transmission to mice by ticks infected
with Anaplasma phagocytophilum.®® In fact, the
recombinant OmpA can also be recognized by
the sera of patients with human granulocytic
anaplasmosis (HGA).** While, in Ehrlichia
chaffeensis, both mRNA and protein of OmpA
are expressed in the infected monocyte cells
(THP-1 cells) and were upregulated at the late
stage of the bacterium’s intracellular growth.
Furthermore, the immunofluorescent labelling
technique has confirmed the existence of OmpA
as one of the surface-exposed proteins. The anti-
OmpA bound to the surfaces of paraformaldehyde-
prefixed nonpermeabilised host-cell free Ehrlichia
chaffeensis, confirming the localisation of OmpAin
the cell surface.?! Therefore, it is clear that OmpA
has been found to exist in most of the human

______
.

phagocytophilum

A Sialic Acid

hOmpA

PSGL-1

Figure 5. Binding of ApOmpA(59-74) with a2,3-sialic acid of the sialyl Lewis x (sLex) tetrasaccharide that caps
P-selectin glycoprotein ligand-1 (PSGL-1) on myeloid cell (HL-60) surfaces (Created with BioRender.com)
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Table 2. Outer membrane protein A (OmpA) interaction with the human host cells

Origin of the  Author and Targeted human Location of OmpA Host protein interacts with
OmpA titles host cells involved in interaction OmpA
Rickettsia Sahni et al.*®® Human Dermal B-peptide region Fibroblast growth factor
rickettsii Microvascular receptors 1/ Heparan
Endothelial cells sulfate proteoglycans
[FGFR1/HSPGs]
Rickettsia Hillman et Human C-terminal region, First analysis: filamin-A,
conorii al.®® Microvascular amino acid position epiplakin 1 and
Lung Endothelial 954-1735, cytoplasmic dynein 1
rOmpA .., 1735 heavy chain 1
Further analysis: a21
integrin
Anaplasma Ojogun et al.** Mpyeloid cells N-terminal region, sialyl Lewis x
phago- (HL-60) amino acid position (sLex-capped P-selectin
cytophilum 59-74, ApOmpA(Sg_m glycoprotein ligand 1)
Endothelial cells N-terminal region, sLex-like molecule, 6-
(RF/6A) amino acid position sulfo-sLe*
59-74, ApOmpA .,
Anaplasma Seidman Myeloid cells K64 residue a2,3-sialic acid residue of
phago- et al.>* (HL-60) ApOmpA ;. sLe*
cytophilum G61 residue a2,3-sialic acid & al,3-
ApOmpA, ., fucose residue of sLex
Endothelial cells K64 residue a2,3-sialic acid residue of
(RF/6A) ApOmpA, ., sLex-like molecule, 6-
sulfo-sLe*
a2,3-sialic acid & al,3-
G61 residue fucose residue of sLex-
ApOmpA like molecule, 6-sulfo-

(59-74)
sLe*

pathogenic bacteria in the order Rickettsiales, with
the exception of the Rickettsia’s typhus group.

Functional rOmpA secretion is important for the
pathogenesis of spotted fever group rickettsia
As discussed above, the rOmpA sequence
exists throughout all the members SFGR. However,
there are some interspecies variations in the rOmpA
DNA sequence, which influence the conformation
and functionality of the secreted rOmpA protein.
Secretion of functional rOmpA is crucial in
determining the virulency of rickettsia. A study by
Baldridge et al. shown that, even though Rickettsia
peacockii carry a high degree of similarity of
rOmpA sequence with virulent Rickettsia rickettsii,
there is no rOmpA translation product detected
in its protein extract during in vitro infection
of tick cells (Dermacentor andersoni cell line
DAE100).*? This could be due to the presence

of multiple premature stop codons within the
rOmpA reading frame, that could interfere with the
translation of the rOmpA (Table 1). Furthermore,
sequence analysis by Baldridge et al. revealed a
weakened ribosome binding site within the mRNA
leader, adding another factor that interrupts the
production of rOmpA protein.? Similarly, there is
also deficient expression of the rOmpA protein
in the only reported avirulent strain of Rickettsia
rickketsii, lowa.3** This is believed to be due to the
single nucleotide deletion at 660 bp upstream of
rOmpA gene, which shifts the open reading frame
of the rOmpA, introducing a stop codon, leading
to protein truncation (Table 1). Apart from that,
rOmpA sequence of lowa also lacks downstream
891 bp sequence (in-frame insertion of 297aa) in
comparison with the virulence Rickettsia rickettsii
strain: (i) Morgan, (ii) Sheila Smith, and (iii) R.3334
Figure 3 illustrates the location of interspecies
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variations in the OmpA DNA sequence.
Immunoblotting assay using western blot
confirmed the absence of the OmpA protein from
Rickettsia rickettsii lowa and Rickettsia peacockii,
suggesting that the truncated product was either
rapidly degraded or not recognized by monoclonal
antibodies.

As a result, no polymerization of the
host cell’s actin occurs during the infection, thus
preventing the adhesion of the Rickettsia peacockii
to the host cells.?? Actin-based motility is essential
for rickettsia species to propel themselves from
one host cell to another.? Rickettsia movement
disrupts the host cells’ actin scaffolding and
facilitates rickettsia penetration of the internal and
external membranes of the host cell.** However,
the mutation in rOmpA sequence in the lowa
strain of Rickettsia rickettsii does not defect the
formation of its actin tails. But lowa strain does
have deficiency in lysis of the host cells.?* lowa
strains show a significantly lower release of
total lactate dehydrogenase (LDH), compared to
pathogenic R strains on days 6 & 7 of infection,
indicating lowa has a deficiency in the lysis of
host cells. As a result, animal models (guinea
pigs) infected with lowa strains show no febrile
response after the infection.3* However, there is no
solid confirmation as to whether the deficiency of
rOmpA has any correlation with the fever response
and the ability to lyse the host cell.

rOmpA mediated the adherence and invasion of
rickettsia to endothelial host cells

As an intracellular bacterium, it is crucial
for rickettsia to invade and reside in the host cells
in order to survive. Microvascular endothelial cells
in the blood vessel lining have been known as
the primary target of pathogenic rickettsia when
infecting a human host.** Localization of rickettsia
in the vascular endothelial cells causes injury
to the cell, leading to vasodilation by infiltering
the perivascular mononuclear cells. This causes
the increment of fluid in the interstitial space,
which later leads to other serious complications
depending on the targeted organs.*® Therefore,
the ability of rickettsia to adhere and invade the
host cells is very crucial during the early stages
of rickettsia pathogenesis, which is mediated by
specific ligand-receptor interaction.”” Functional
rOmpA has been postulated to play the role of the

ligand during the interaction. A study shown that
the recombinant soluble C-terminal rOmpA (amino
acid located at positions 954 to 1735) of Rickettsia
conorii has the ability to bind to mammalian host
cells, the human microvascular lung endothelial
(HMVEC-L).*® The adherence ability of this
soluble rOmpA(gs“0 1735) has been confirmed, as it
competitively inhibits Rickettsia conorii infection
on HMVEC-L cells by 50%.

To fully understand the ligand-receptor
interaction, two original articles have identified
the host cell receptor that interacts with the
OmpA. The most recent publication by Sahni
et al., discovered the interaction between the
B-peptide region of Rickettsia rickettsii OmpA
with the fibroblast growth factor receptors 1/
heparan sulfate proteoglycans (FGFR1/HSPGs)
complexes of the Human Dermal Microvascular
Endothelial cells.*® This interaction activates
FGFR1 signaling, leading to the binding of FGFR1
to caveolin-1, which could activate caveolin-1
dependent endocytosis and promote the invasion
of Rickettsia rickettsii. The second manuscript
found three potential proteins from Hela cells
that have interaction with rOMpA ., o 1735) of
Rickettsia conorii, namely filamin-A, epiplakin 1
and cytoplasmic dynein 1 heavy chain 1 (Table
2).“ However, all of these proteins are not directly
associated with the plasma membrane, suggesting
that they are not the potential candidate for the
host cell receptor. The author later postulated that
filamin-A, the most abundant species detected in
the analysis, might form an adhesion complex with
B1integrin. Further analysis of HMVEC-L suggests
that o231 integrin is the mammalian receptor
that interacts with OmpA of Rickettsia conorii.*®
Figure 4 illustrates the possible ligand-receptor
interaction between the OmpA of Rickettsia sp.
and human cells.

ApOmpA is the adhesin that facilitates the
binding of Anaplasma phagocytophilum to
mammalian host cells

Similar to rickettsia, Anaplasma
phagocytophilum must invade host cells in
order to survive. Neutrophil in peripheral blood
and tissues are known to be the primary target
of Anaplasma phagocytophilum and cause
human granulocytic anaplasmosis (HGA).>°
Internalization of Anaplasma phagocytophilum
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induces proinflammatory responses by increasing
the secretion of pro-inflammatory cytokines (e.g.,
interleukin-10, IL-12, IL-18 and IFN-gamma).*!
This promotes neutrophil degranulation and
deactivation, leading to tissue injury. As a result,
the neutrophils are unable to exert an effective
antimicrobial response to the infection.®? In
addition, Anaplasma phagocytophilum has also
been found to affect the progenitors of myeloid,
monocytic lineages and endothelial cells.

In vitro studies on myeloid (HL-60) and
endothelial (RF/6A) cells have confirmed the
adhesion capacity of ApOmpA. Interestingly, the
N-terminal region of ApOmpA, which contains the
protein’s extracellular domain, plays a role as a
binding domain in the interaction with the host cells
(Table 2). ApOmpA at amino acid position 59-74,
ApOmpA, ., ., was found to interact with the a2,3-
sialic acid of the sialyl Lewis x (sLe*) tetrasaccharide
that caps P-selectin glycoprotein ligand-1 (PSGL-1)
on the surface of myeloid cells (HL-60) (Figure 5).%
It was known that Anaplasma phagocytophilum
binds to and interacts with the sialic acid residue
of neutrophils.>®* Demolishment of sialic acid
residues from myeloid cell surfaces by the use of
sialidase has successfully inhibited the adhesion
and infection of Anaplasma phagocytophilum.*®
The molecular docking model prediction has
identified three residues oprOmpA(Sg_m K64, G61
and K60, which interact with the sLe* glycan. K64
was predicted to bind the a2,3-sialic acid, while
G61 was predicted to bind the a2,3-sialicacid and
the a1,3-fucose residue of sLe*.

However, the endothelial cell (RF/6A)
does not express sLe*and PSGL-1, but an sLe*
like molecule, 6-sulfo-sLe*. The a2,3-sialic
acid and al,3-fucose are also presented by
the 6-sulfo-sLe*, which becomes the site for
ApOmpA ., ., bindingin the endothelial cell.>*The
demonstrated adhesin properties oprOmpA(sg_m
in promoting the bacteria internalization to the
host cell, make it a good candidate for vaccine
development. However, anti-ApOmpA could
only partially inhibit the infection of Anaplasma
phagocytophilum in host cells.* This is because
Anaplasma phagocytophilum utilises multiple
invasins to promote infection.>® To date, ApOmpA
functions together with Asp14 (14-kDa Anaplasma
phagocytophilum surface protein) and AipA
(Anaplasma phagocytophilum invasion protein

A) during bacterial infection. Interestingly, it has
been shown that a mixture of antisera targeting
ApOmpA, AipA and Asp14 can successfully clear
the infection.>¢

OmpA of Orientia tsutsugamushi and Ehrlichia
chaffeensis

As mentioned earlier, OmpA was also
detected in Orientia tsutsugamushi and Ehrlichia
chaffeensis. However, the actual role of OmpA in
both these bacteria is still vague. What is known
is that the predicted tertiary structure of the
OmpA of Orientia tsutsugamushi (OtOmpA) shows
high similarities with the OmpA of Anaplasma
phagocytophilum (ApOmpA), particularly at
the surface-exposed residue of the alpha-helix.
Amino acid residues 103-118 of OtOmpA have
been shown to be analogous to amino acid
residues 59-74 of ApOmpA, which are functionally
essential for the adhesion and invasion of
Anaplasma phagocytophilum to its host cells.?*
Interestingly, the amino acid sequence of Ehrlichia
chaffeensis OmpA (EcOmpA) at positions 53-68
is also homologous to the ApOmpA_, _, receptor
binding domain sequence.® Since Orientia
tsutsugamushi and Ehrlichia chaffeensis are
originated from the same order as Anaplasma
phagocytophilum, it is very likely that the OmpA
of these bacteria play a similar role as adhesin
and invasin in disease pathogenesis, even though
they target different host cell surface proteins and
cause different pathogenic diseases. In addition,
antibodies develop against the EcOmpA__ .
fragments, successfully reducing the infection
of the monocyte cell (THP-1) with Ehrlichia
chaffeensis.?>*° However, another study found
that protease-dependent degradation of ECOmpA
by CDGA (2'-O-di(tert-butyldimethylsilyl)-c-di-
GMP), a c-di-GMP antagonist, did not inhibit the
adhesion of Ehrlichia chaffeensis to the monocyte
cell (THP-1).3! Itis suggested that other cell surface
proteins are involved in facilizing the bacterial
binding and internalization to the host cell,
and that the presence of OmpA intensifies the
process.?! In contrast, Cheng et al. (2011) suggests
that the inhibitory effect of anti-OmpA I1gG on the
infection of Ehrlichia chaffeensis to the monocyte
cell (THP-1) mentioned above is due to steric
hindrance.®® These contradictory opinions need
further investigation.
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OmpA not involved in the virulence of Rickettsia
in the in vivo study/ mice model?

Based on all the information gathered
and discussed above, the OmpA protein plays an
important role in bacterial interaction with the
host cell, especially for SFGR. The obstruction in
the production of rOmpA by some of the members
or strains in rickettsia is the key factor in repressing
the virulence ability of these bacteria. However,
unexpectedly, there are some manuscripts
showing that the absence of rOmpA has no effect
on the virulence of the rickettsia. This is mostly
observed in the virulent strain of Rickettsia
rickettsii. The knockout of the rOmpA sequence
in the virulence strain Sheila Smith of Rickettsia
rickettsii does not prevent the bacteria from
infecting the animal model used, the guinea pig.”®
The amount of viable rOmpA-knockout and wild-
type Sheila Smith found in the spleen of the guinea
pig after 6 days of infection shows no significant
differences. This is consistent with no significant
changes in the body temperature elevation of
the guinea pig infected with both groups (wild-
type and rOmpA knockout). Both groups induce
a high fever response in the guinea pig, with the
highest temperature occurring between day 5
and 7. In addition, both groups showed similar
growth and entry rates when infecting the in
vitro model, Vero cells. Furthermore, Riley et al.
found that rOmpA mRNA expression in the in vivo
infection of C3H/HeN mice was significantly lower
than the expression in the in vitro study in Vero
cells.** This could be due to the fact that Rickettsia
ricketsii uses different transcription strategies
when infecting different host species. However,
monoclonal anti-OmpA developed from Rickettsia
conorii provided passive protection against future
infection with Rickettsia conorii to C3H severe
combined immunodeficiency mice (C3H SCID mice,
a mouse model for spotted fever Rickettsiosis).?
As the result, the mice immunized with the anti-
OmpA had a 100% survival rate compared to the
0% rate in the control group (normal serum/no
serum). The author also investigated the kinetic
production of antibodies in C3H/HeN mice after
infection with Rickettsia conorii. It turns out that
antibody reactive to OmpA do not appear during
the early infection, but slowly appears on day 12,
when the mice have already started to recover

from the infection. Antibody production increased
from day to day and was highest on day 30.% It is
suggested that rOmpA may provide protection
against reinfection, but not during primary
infection. The question of, whether or not OmpA
is involved in the virulence of rickettsia during an
in vivo study/mouse model is therefore in the grey
area.

CONCLUSION

In this review, OmpA was shown to be
present in most human pathogenic Rickettsiales,
with the exception of the typhus group of
rickettsia. In fact, the OmpA sequence was found
to be highly conserved in various isolates of
Orientia tsutsugamushi. This makes OmpA a good
candidate for further investigation. Virulency of
rickettsia has been shown to be highly dependent
on the secretion of functional OmpA. The
production of truncated OmpA due to the presence
of a pre-mature stop codon in the OmpA sequence,
has reduced the virulence of the rickettsia. OmpA
plays an important role as an adhesin and invasin
for the internalization of rickettsia and Anaplasma
phagocytophilum into mammalian host cells. In
rickettsia, the C-terminal region of OmpA has been
shown to be the domain region for attachment
and binding of Rickettsia to the endothelial host
cell. In Anaplasma phagocytophilum, however,
the N-terminal region acts as a ligand for binding
to the myeloid and endothelial cells. Interestingly,
OmpA from Orientia tsutsugamushi and Ehrlichia
chaffeensis was computationally predicted to be
homologous with the essential domain region of
OmpA Anaplasma phagocytophilum. This suggests
that the OmpA of Orientia tsutsugamushi and
Ehrlichia chaffeensis may play a similar role in
interacting with the host cell, even though they
target different host cell surface proteins and cause
different pathogenic diseases. Therefore, it can be
concluded that OmpA plays an important role in
the pathogenesis of human rickettsial diseases and
is a potential candidate for vaccine development.
However, further studies need to be carried out as
some manuscripts showed contradictory results.
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